The benefits of adequate 25-hydroxyvitamin D (25OHD) status for bone health have been known for a long time. 1 More recently, 25OHD has received increased attention for its role in ameliorating other chronic diseases. 2, 3 Insufficient and/or deficient 25OHD status has been associated with hypertension, increased likelihood of future hypertension, and increased cardiovascular risk and mortality in observational studies of adult populations. 4 Recent research suggests that a relationship between 25OHD status and blood pressure (BP) is exacerbated in specific physiological states such as pregnancy, chronic kidney disease, and in individuals already demonstrating hypertension. [5] [6] [7] As the body of evidence supporting a potential relationship between 25OHD deficiency and elevated BP grows, a number of supplementation studies have been conducted which demonstrate inconsistent results. [8] [9] [10] [11] Conversely, heightened levels of 25OHD have been associated with cancer, cardiovascular disease, and all cause mortality in adult populations. Controversy around these findings continues to spur dialogs within the vitamin D community. 3, [12] [13] [14] Few studies have investigated the association between 25OHD status and BP in child and adolescent populations [15] [16] [17] [18] ; however, this relationship may be particularly relevant as the atherosclerotic process is thought to begin in youth and build toward cardiovascular risk factors later in 
INTRODUCTION
Serum 25-hydroxyvitamin D (25OHD) deficiency (<50 nmol/l or 20 ng/ ml) has been associated with increased blood pressure (BP) in observational studies. A paucity of data on this relationship is available in Latin American or child populations. This study investigates the association between 25OHD levels and BP in adolescents at risk for vitamin D deficiency in 2 Peruvian settings.
METHODS
In a population-based study of 1,441 Peruvian adolescents aged 13-15 years, 1,074 (75%) provided a serum blood sample for 25OHD analysis and BP measurements. Relationships between 25OHD and BP metrics were assessed using multiple linear regressions, adjusted for anthropometrics and sociodemographic factors.
RESULTS
25OHD deficiency was associated with an elevated diastolic BP (DBP) (1.09 mm Hg increase, 95% confidence interval: 0.04 to 2.14; P = 0.04) compared to nondeficient adolescents. Systolic BP (SBP) trended to increase with vitamin D deficiency (1.30 mm Hg increase, 95% confidence interval: −0.13 to 2.72; P = 0.08). Mean arterial pressure (MAP) was also greater in adolescents with 25OHD (1.16 mm Hg increase, 95% confidence interval: 0.10 to 2.22; P = 0.03). SBP was found to demonstrate a U-shaped relationship with 25OHD, while DBP and MAP demonstrated inverse J-shaped relationships with serum 25OHD status. The association between 25OHD deficiency and BP was not different across study sites (all P ≥ 0.19).
life. 19 Prompted by a limited availability of published information pertaining to the relationship between BP and vitamin D status in child and adolescent populations at risk for vitamin D deficiency, we sought to elucidate aspects of this relationship in the context of environmental, sociodemographic, anthropometric, and clinical factors.
METHODS

Study setting
The Peru Urban to Rural Asthma (PURA) study was a population-based, cross-sectional study of asthma prevalence in 2 regions of Peru and it is described in detail elsewhere. 20, 21 The first site was Lima, the highly urbanized capital of Peru located at sea level and with a population of >10 million. We conducted our study in Pampas de San Juan de Miraflores, a peri-urban shanty-town in Lima. The second site was rural Tumbes, also at sea level, located in northern Peru.
Study design
A random sample of adolescents aged 13-15 years were selected from a community census in Pampas de San Juan de Miraflores and in 23 villages along the Tumbes River. Adolescent participants and their caregivers were surveyed on sociodemographics and environmental exposures, and a blood sample was obtained. BP assessment was conducted with automatic oscillometric BP monitor (OMRON HEM-712-C, Kyoto, Japan) with a cuff correctly sized to arm circumference. 22 BP measurements were taken in triplicate after 5 minutes of rest, using the right arm and in the seated position. Median values, as a measure of central tendency, were selected as the final measurement. 22 The Institutional Review Boards of A.B. PRISMA in Lima, Peru and Bloomberg School of Public Health, Johns Hopkins University in Baltimore, Maryland, USA, approved conduct of this study. Informed consent was obtained from parents or guardians of study subjects and assent was obtained from the child participant.
Assessment of primary outcomes
In addition to diastolic BP (DBP) and systolic BP (SBP), mean arterial pressure (MAP = 1 3 2 3 SBP DBP + ) was also calculated.
Assessment of 25OHD levels
Serum blood samples were drawn by certified phlebotomists and stored according to cold chain specifications. Blood serum samples were processed for 25OHD levels in duplicate using the LIASON 25-OH vitamin D total assay (DiaSorin, Stillwater, MN). Previous reports have suggested that single determinations of 25OHD are reproducible and are a good index of nutrient status. 23 Assay precision was determined by testing 4 quality control samples at concentrations ranging between 8.6 and 49 ng/ml over 23 operating days. The intra-assay coefficient of variation ranged between 8.6% and 12.5% and the intralaboratory coefficient of variation ranged between 8.2% and 11.0%.
Definitions
Overweight was defined based on standard recommendations for age-and sex-specific body mass index cutoffs for international, adolescent populations. 24 Some debate exists over accurate cutoffs for optimal 25OHD status. 25 According to recent expert recommendations, deficiency is defined at a 25OHD level of <50 nmol/l (20 ng/ml) 25, 26 and insufficiency as a 25OHD <75 nmol/l (30 ng/ml). Seasonality was defined as sunny vs. cloudy months, based on yearly quarter of blood collection. In Lima, the sunniest months are October through March and cloudier months are April through September.
Biostatistical methods
The primary objective of this study was to determine the association between 25OHD status and BP metrics (SBP, DBP, and MAP), adjusted for potential confounders. Descriptive statistics were presented as mean values or percentages; t-tests were used to assess differences in population characteristics for all continuous variables; and, Chi-squared tests were used to assess population differences in categorical variables, as appropriate. Multiple linear regression models were constructed to study the association between 25OHD and BP metrics adjusted for overweight status, age, sex, height, seasonality, personal smoking status, second-hand smoke exposure, monthly household income, and study site. Our statistical model was constructed based on expert selection of factors that could affect the relationship between serum 25OHD status and BP. Analyses were performed in STATA Version 12 (StataCorp, College Station, TX) and R (www.r-project.org).
RESULTS
Participant characteristics
A total of 1,441 adolescents were enrolled, 725 (50.3%) in Lima and 716 (49.7%) in Tumbes. Of the study population, 1,074 (72%) adolescents had data available on both vitamin D levels and BP. Mean (SD) age was 14.9 (0.8) years, 520 (48%) were boys and mean height was 158.2 (8.2) cm. Among caregivers of study subjects, 56% reported monthly income of less than 175 USD per month. Mean 25OHD level was 63.3 nmol/l (25.3 ng/ml) with a range of 10.8-193.5 nmol/l. Average body mass index was 21.2 kg/m 2 and 22% of adolescents were overweight. Adolescents in Lima were more likely to be overweight than those in Tumbes. Further, overweight adolescents demonstrated significantly lower 25OHD levels than their normal weight peers (57 vs. 64.8 nmol/l; P < 0.001). Blood draws for vitamin D serum were conducted over a range of months, with 61% of blood collected during Lima's cloudy months and 39% during the sunny months. We summarized participant characteristics stratified by study site in Table 1 . Age and sex distributions did not differ significantly between study sites. Mean 25OHD status was lower in Lima vs. Tumbes. Mean BP metrics were higher in Lima than in Tumbes.
Association between 25OHD and BP metrics
We present BP metrics by 25OHD status in Table 2 . SBP, DBP, and MAP were all significantly elevated in deficient vs. nondeficient subjects. We present results of the association between vitamin D deficiency and BP metrics from multivariable regression analyses in Table 3 . Adolescents with 25OHD deficiency had an elevated DBP, MAP and a trend toward elevated SBP, after controlling for confounding factors. The SBP and 25OHD relationship appeared to be U-shaped while the DBP and MAP relationships with 25OHD appeared slightly inversely J-shaped ( Figure 1 ). Moreover, despite differences in sociodemographic factors between study sites, we did not find effect of an interaction between study site and 25OHD deficiency on DBP (P = 0.19), SBP (P = 0.34), or MAP (P = 0.20). This suggests that the effect of 25OHD deficiency on BP was similar across sites. We did not find interaction effects between sex and 25OHD deficiency on DBP (P = 0.62), SBP (P = 0.35), or MAP (P = 0.93).
DISCUSSION
To our knowledge, this is the first study of BP and 25OHD status in a Peruvian adolescent population and adds to the current body of research. 15 As most vitamin D studies have been conducted in high-income countries and infrequently include child or adolescent populations, the present study fills an important knowledge gap. We found that vitamin D deficiency early in life was associated with elevated BP metrics, which may predispose children to hypertension later in life. 27, 28 In addition to addressing our initial hypothesis, this study characterizes important differences in vitamin D status and BP metrics in 2 regions of Peru located at similar latitudes but with differing degrees of urbanization.
Multiple vitamin D-dependent physiological processes may explain the mechanism for the antihypertensive and vasoprotective effects of 25OHD. 4, 29 A growing body of evidence suggests that vitamin D may influence BP most directly through the renin-angiotensin system (RAS), which regulates BP, electrolyte balances, and fluid volume homeostasis. 1 Renin, a nephron-related protease, serves as the rate-limiting component of the RAS. Several studies have indicated a role for active 1,25OH 2 D as a negative endocrine regulator of renin gene expression and plasma renin activity. 1, 4 Li et al. 1 found that 1,25OH 2 D directly acts through a vitamin D receptor mediated mechanism to negatively regulate renin gene transcription. Genetic manipulation of vitamin D receptors using mouse models demonstrate that poor vitamin D status can lead to an overstimulation of RAS and result in elevated BP and cardiac hypertrophy. 30 In other words, maintenance of sufficient vitamin D levels may be effective in downregulating the RAS system and decreasing BP. Among other mechanistic processes that explain the physiological potential for a 25OHD and BP relationship, vitamin D suppression of parathyroid hormone, proinflammatory cytokine and prostaglandin production, and its influence in downregulating the RAS are the most well studied and understood. 1, 25, [31] [32] [33] [34] Our study sites in Peru were environments well suited for the investigation of 25OHD status and BP. Several studies indicate that child and adolescent populations in diverse regions may suffer from poor 25OHD status secondary to lack of sufficient sunlight exposure, non-white ethnicity, dark skin pigmentation, urban residence, and poverty. 15, 35 Moreover, the typical Peruvian diet does not include foods rich in vitamin D such as mackerel, salmon, and beef liver, and dairy products are not fortified with vitamin D. Thus, dietary intake of vitamin D is likely limited to small quantities. Sun exposure, which results in skin synthesis of 25OHD, is the primary means by which Peruvian populations may maintain adequate vitamin D status. However, settings such as Lima, with cloud cover 6 months of the calendar year and extreme environmental pollution, may experience minimal sun exposures. 15 Additionally, the Peruvian phenotype demonstrates dark skin pigmentation, a known risk factor for reduced cutaneous vitamin D synthesis. 35 Our results indicate that 25OHD status may influence BP metrics, specifically DBP and MAP. Our study also found a trend toward inverse association between vitamin D status and elevated SBP. It is of interest that the inverse relationship between BP and 25OHD was significant for diastolic but not systolic pressure. It will be important for future studies of BP and 25OHD in adolescents to also investigate this association in adolescents specifically. Some studies in adult populations have found similar results, which may be relevant. Specifically, a meta-analysis by Witham et al. 4 that found significant decreases in DBP with vitamin D supplementation in adults, but no difference in SBP, in a population of hypertensive subjects. Kunutsor et al. 10 conducted a pooled random effects meta-analysis of vitamin D supplementation studies that indicated an overall nonsignificant reduction in SBP and DBP with supplementation, with evidence of heterogeneity and publication bias among trials of SBP in particular. These studies, along with our results, suggest that the 25OHD and SBP relationship requires further investigation.
A recent meta-analysis by Dolinsky et al. 16 investigated the relationship between serum vitamin D status and cardiometabolic risk in adolescents. The analysis concluded that although cross-sectional studies indicate a potential relationship between vitamin D status and SBP, insufficient evidence exists to conclude that vitamin D supplementation in adolescent populations will yield cardiometabolic benefit. 16 Our finding that MAP was elevated in 25OHD-deficient adolescents is supported by a study by Kelishadi et al. 36 that found vitamin D supplementation improved MAP in children with metabolic syndrome.
We found important differences in both 25OHD status and BP metrics between study sites that persisted after adjustment; however, there was no interaction effect between 25OHD status and site on any of the BP metrics. Differences in sociodemographic characteristics such as height, income, smoking status, and body mass index also existed between sites. In Lima, 77% of adolescents reported that at least one parent had immigrated from the Peruvian highlands, compared to only 3% of adolescents with at least one highland parent in Tumbes. A statistically significant relationship between BP metrics and parent immigration from the highlands persisted after adjusting for other confounders, excluding study site. This difference indicates that there may be a potential role for genetic influence in our findings. Differences in sociodemographic characteristics highlight important areas of focus for future regional interventions related to improving BP status.
Our findings indicate that poor 25OHD status may be particularly influential in increasing BP in populations where there is a higher proportion of deficiency. Adolescents in Lima demonstrated average 25OHD status lower than those in Tumbes. We found that study site significantly influenced the BP metrics of DBP, SBP, and MAP, with adolescents in Lima demonstrating both higher BP and lower 25OHD status than their peers in Tumbes. Our results suggest potential U-shaped and Figure 1 . Average systolic blood pressure (A), diastolic blood pressure (B), and mean arterial pressure (C) by deciles of serum 25OHD (ng/ml) measurements. We used a smoothing spline with 3 degrees of freedom to examine the shape of the relationship between blood pressure and serum 25OHD levels. Deciles marked by starting value of decile cutoff. Abbreviation: 25OHD, 25-hydroxyvitamin D.
inverse J-shaped relationships for the influence of 25OHD status on BP outcomes, indicating that both high and low levels of 25OHD may be associated with increased BP metrics and adding to the growing body of literature that details this dynamic relationship in adult populations. 3, [12] [13] [14] Our data suggests that the pivot point for this relationship may be near 62.5 nmol/l (25 ng/ml). This finding indicates that cardiovascular-specific cutoffs for 25OHD status may be relevant to developing rigorous public health prevention approaches applicable to adolescent populations. It is important that future research continue to explore this relationship and the implications of a cardiovascular specific threshold for 25OHD status.
Our study has several strengths. A large sample of adolescents provided blood for 25OHD serum analysis and BP measurements. We were able to explore associations between BP metrics and 25OHD status in a large population derived from 2 distinct sites in Peru, allowing for adequate power to perform multivariable analysis and explore associations. Our study is unique in that it explores these associations in a population that includes adolescents at risk for vitamin D deficiency based on dietary and ultraviolet B exposures, skin pigmentation, socioeconomic status, and living in a poor urban environment. In adolescents deficient in vitamin D, we found an elevated DBP and MAP, and a trend toward a positive association with SBP.
Some limitations should also be acknowledged. The present analysis is a post hoc analysis, so the research protocol was not designed with this study in mind. However, we are confident that careful control for multiple variables and a large sample size are important strengths of our analysis and that there is evidence for a mechanistic basis for our hypothesis. We used a single BP measurement in time. As BP may fluctuate at different time points, we would have preferred to include multiple measurements of BP taken over an extended period. Furthermore, we did not use methods based on mass spectroscopy to measure vitamin D. We also did not have dietary intake data available; however, as serum 25OHD measurements are the gold standard for vitamin D assessment, we are confident that we captured accurate 25OHD status in our population. We also do not have information on renal function, levels of calcium, phosphorus, and parathyroid hormone, all of which are also known to affect BP. Our study does not include information on other important determinants or correlates of BP, such as parental BP, physical activity, heart rate, alcohol intake, salt intake, and menarche in girls among others. We also did not collect information of puberty onset. As there remain few studies that have explored the relationship between 25OHD status and BP in child and adolescent populations, we have drawn on adult studies where parallel findings are comparable. We have not found evidence to date that indicates that this relationship should be different based on age. Finally, we acknowledge that our results are associations and do not confirm a causal effect of 25OHD status on BP in adolescent populations.
This study found inverse relationships between 25OHD status and BP metrics. Specifically, adolescents deficient in 25OHD demonstrated increased DBP and MAP, and a trend toward increased SBP, when compared to nondeficient subjects. Future research should continue to explore this relationship to establish recommendations for supplementation in adolescents as an approach to reduce risk for high BP and cardiovascular disease later in adulthood. A challenge in future trial design will be selecting appropriate target serum 25OHD levels and doses for vitamin D supplementation specific to cardiovascular improvements in young populations. 
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